C hronic growth hormone (GH) hypersecretion induces further growth of most organs, including the liver, kidney, pancreas, and heart. Acromegaly induced by excessive levels of GH in humans is characterized by alterations in cardiovascular function.1-3 Two clinical pictures -a hyperkinetic heart syndrome3 and congestive heart failure-can be observed, but whether they represent two stages of the same pathophysiological process is not known. Animal studies of cardiac function in vivo have given conflicting results, leading to the question as to whether the intrinsic contractility of the enlarged heart is normal, increased, or depressed.45 We have recently reported that chronic GH hypersecretion in the rat is associated with an increase in the maximum isometric active force normal-ized per cross-sectional area of the left ventricular papillary muscles. 6 An alteration in the development of force by papillary muscles may result from alterations at any step of the excitation-contraction coupling mechanism (in particular, calcium influx through the sarcolemma), from calcium-induced calcium release, or from altered characteristics of the myofibrillar apparatus itself. In this respect, authors working on the same rat model of GH hypersecretion have reported an increase in the duration of the action potential, which is probably responsible for prolonged and therefore increased calcium influx through L-type Ca2' channels. 7 In a previous study of papillary muscle, our results also strongly suggested an alteration at the level of the myofibrillar apparatus. 6 The aim of the present work was to further characterize the intrinsic mechanical properties of the ventricular myocardium in GH rats to determine if chronic GH hypersecretion is associated with changes at the myofibrillar level. We used chemically skinned fibers to eliminate the influence of the environment on the mechanical properties of the myofibrils, since it was thus possible to control the pH and the concentrations of ATP, calcium, and other important ions. In addition, to gain insight into the mechanisms through which GH hypersecretion alters myocardial contractile function, we also studied myosin heavy chain (MHC) phenotype changes in the left ventricle of GH and control rats both at the protein and at the mRNA level.
Materials and Methods Rat Model of Chronic GH Hypersecretion
Chronic GH hypersecretion was induced in female Wistar-Furth rats (IFFA CREDO, L'Abresle, France) as previously described. 6 Briefly, 106 cells from the GC cell line (which secretes GH exclusively) were injected subcutaneously into the flank of 10-12-week-old animals. GH hypersecretion was assessed by the acceleration of body growth. Eighteen weeks after tumor induction, the rats were killed by decapitation. The heart was immediately excised and rinsed in ice-cold saline solution; the two left ventricular papillary muscles were then carefully dissected and placed in a modified calcium-free Krebs' solution containing (mM) NaCI 118, KCI 4.7, NaHCO3 25, KH2PO4 1.2, and MgSO4 1.2.
Relaxing and Activating Solutions
The composition of the relaxing (pCa 9, solution A) and activating (pCa 4.5, solution B) solutions was calculated by using the computer program of Fabiato8 (as described by Ventura-Clapier et a19). The To determine muscle stiffness and the rate constant of tension recovery, quick length changes (0.3-3% of initial fiber length) were made in the relaxing and activating solutions. Twelve successive stretches and releases were made, starting with the relaxing solution. Only responses to stretches were used for calculations.
Each reported value is the mean of five to seven determinations after stretches of varying amplitudes performed in a given experimental condition. The spike of tension (F1) in phase with the length change characterized the elastic phase. Stiffness was the extreme tension (F1, in mN mm-2) reached during stretching divided by the length change (,um). Passive stiffness was measured in the relaxing solution at the beginning of each experiment. Active stiffness was calculated as the difference between total stiffness (measured in the activating solution) and passive stiffness. The rate constant of tension recovery after quick stretches was calculated by least-squares regression analysis, according to a single exponential model, between 50% and 80% of recovery and using stretches of more than 1% of initial muscle length.
Isomyosin Pattern
The isomyosin pattern was determined for each papillary muscle. Muscles were minced with scissors and extracted for 20 minutes with 4 vol (vol/wt) of slightly modified ice-cold Guba-Straub solution.12 The proportion of each myosin form was determined by scanning after separation by electrophoresis under nondenaturing conditions. Results were expressed both as the percentage of each isoform and as that of the a-or length signal via a power amplifier allowed muscle 13-MHC, considering V2 as an a-P heterodimer. Myosin mRNA Analysis Total RNA was purified from left ventricles of GH (n=9) and control (n=7) rats according to the procedure of Chomczynsky and Sacchi13 and kept as a 70% ethanol suspension in the presence of sodium acetate, pH 5.5 at -20°C, until use. RNA was either sizefractionated, after standard denaturation, by electrophoresis in a 1% agarose gel in the presence of formaldehyde and then transferred by capillarity onto Hybond-N nylon membranes (Amersham International, England) or dotted directly onto membranes according to a procedure previously described.14 Probes specific for a-and f3-MHC mRNAs were 42-mer synthetic oligonucleotides chosen in the specific 3' untranslated region of the corresponding cDNAs, immediately downstream from the a-MHC cDNA stop codon (nucleotides 1,285-1,326). 15 The probe for total MHC was a 42-mer oligonucleotide chosen 308 bp upstream, within the sequence common to the two a-and 18-MHC cDNAs. A 24-mer oligonucleotide complementary to a sequence of the rat 18S ribosomal RNA was also used to normalize MHC mRNA expressions.14 Probes were labeled with 32P at their 5' end by using T4-polynucleotide kinase according to standard protocol. Prehybridization, hybridization, and washing procedures as well as the quantification procedure from the autoradiograms were those described previously for a 40-mer oligonucleotide complementary to rat atrial natriuretic factor mRNA.14 The specificity of the a-and ,B-MHC oligonucleotides for the corresponding mRNAs was checked using RNAs prepared from the left ventricles of young (3-week-old) and hypothyroid rats, respectively, since these tissues almost exclusively accumulate the corresponding MHC mRNA species. 16 
Statistical Analysis
Values are expressed as mean±SEM. Student's unpaired t test was used to compare the means between control and GH rats. Linear regression analysis was carried out using the least-squares method. A value of p<0.05 was considered significant.
Results

Anatomic Data
Eighteen weeks after tumor induction, the body weight (BW), heart weight (HW), and left ventricular weight (LVW) of GH rats were all markedly increased compared with control values (Table 1 ). In excellent agreement with our previous study,6 the HiW/BW and LVW/BW ratios remained unchanged, indicating heart growth in proportion with body growth and thus confirming the absence of cardiac hypertrophy in this model.
Tension and Stiffness of Skinned Fibers
Fibers with approximately similar diameters were dissected from control and GH rats. There was no difference in fiber diameter between the two groups (173+12 versus 180±10 ,um, respectively; p=NS), which allowed accurate comparison of mechanical performances. Table  2 shows the mechanical performances of skinned fibers, normalized per cross-sectional area, in resting (pCa 9) and active (pCa 4.5) conditions. The passive properties (resting tension and resting stiffness) of skinned fibers from control and GH rats were not significantly different. By contrast, the active properties of the skinned fibers differed markedly between the two groups. Maximal tension developed by fibers from GH rats was increased by 39% compared with control fibers (p< 0.05). Maximal stiffness was also markedly increased in GH rats compared with control rats (p<0.01), suggesting an increase in the number of myosin heads interacting with actin.17
Calcium Sensitivity of Myofilaments
Typical tension/pCa relations for fibers from a control and a GH rat are presented in Figure 1 . Before normalization, this figure illustrates the difference in the maximal active tension reported in Table 2 . To distinguish the involvement of a change in calcium sensitivity between the two fibers, the curve obtained with the fiber from the GH rat was normalized to the level of tension developed by the control fiber. This demonstrated an increase in myofilament sensitivity to Ca'+ in the fiber from the GH rat compared with that from the control Figure 2 shows experimental recordings of tension response to a stretch of similar amplitude in GH and control fibers. The rate constant was 20% slower in fibers isolated from papillary muscles of GH rats than those of control rats (62.0+2.6 versus 77.4±6.6 sec1, respectively; p<0.05).
In a previous study, we showed that the rate constant of tension recovery, which reflects both the rate of crossbridge cycling and myosin ATPase activity, decreases in pressure-overloaded hypertrophic rat hearts in parallel to a decrease in the proportion of the V1 myosin isoform.9 To examine if this was also the case in GH rats, the myosin phenotype was determined in the muscle bundles used for the mechanical study. To gain insight into the mechanisms through which GH led to altered contractile protein expression, we determined the accumulations of a-MHC, ,B-MHC, and total MHC mRNAs and the isomyosin pattern in the left ventricles from control and GH rats. By Northern blot analysis, the oligonucleotides complementary to MHC mRNAs hybridized to a ventricular RNA species of approximately 6,000 nucleotides, which corresponded to the expected length for the MHC message ( Figure 3 ).
The probe specific for a-MHC mRNA hybridized only with ventricular RNA from the 3-week-old rat and not with that of the hypothyroid rat. The opposite hybridization pattern was seen with the probe specific for , 8 not change in GH rats compared with control rats, whereas the abundance of a-and p-MHC mRNAs relative to total MHC mRNA altered markedly ( Figure  3 and Table 3 ). a-MHC mRNA/total MHC mRNA T-MHC/18S 1.14+0.22 Results for MHC mRNAs are expressed in arbitrary units. Although the specific activities of the a-and 13-MHC probes were comparable, the exposure times varied for each probe; therefore, the relative message abundance for a-and f-MHC cannot accurately be determined from these data. *p<0.001 and tp<0.05 vs. control rats.
Discussion
The contractile capacity of the myocardium can be altered in one of three ways: 1) by varying the amount of calcium available to activate the myofilaments, 2) by altering myofilament binding affinity for calcium, and 3) by changing the kinetics of the myofilaments once calcium has bound.'7 On a long-term basis, adaptation of the heart to new functional demands is associated with both quantitative and qualitative alterations in the phenotype of the myocardium, which, in turn, may alter cardiac contractility by one of these three mechanisms. '8 In a previous study, we found that chronic GH hypersecretion is associated with an increase in the contractile performance of rat papillary muscles isolated from the left ventricle.6 A prolonged action potential has recently been reported in this model of cardiac growth.7 This could explain, at least in part, the increased contractile performance observed with intact papillary muscles, since an increase in the duration of action potential favors Ca' influx through L-type calcium channels and thus increases the amount of calcium available for myofilament activation.
Experiments carried out on skinned fibers allow the mechanical properties of contractile proteins to be investigated without the interference of excitation-contraction coupling mechanisms. The present study shows that the contractile performance of skinned fibers from rat myocardium submitted to chronically high plasma GH levels is increased, a finding in good agreement with our observations of intact papillary muscles.6 Moreover, it clearly demonstrates that this increase is due to specific alterations in the properties of the contractile apparatus itself, which include an increase in both maximal tension and myofibrillar sensitivity to calcium. In addition, it shows that the fall in the rate constant of tension after a quick stretch correlates with the decrease in the proportion of the fast a-MHC isoform.
Studies of skinned fibers provide information on both the active and passive mechanical properties of the myofibrillar apparatus. It has been demonstrated in rat cardiac skinned fibers in solutions of high ionic strength that, below the threshold of activation, no myosin head is associated with the thin filament. 19 In these conditions, tension and stiffness reflect the mechanical properties of elements in parallel with the crossbridges. In the present study, the tension and stiffness of skinned fibers from the left ventricle of GH rats measured at low Ca> concentrations were unchanged relative to control fibers, suggesting that the extracellular matrix and myocyte cytoskeleton, which contribute to resting stiffness, are not altered during GH-induced cardiac growth. This is consistent with ultrastructural studies indicating the absence of both interstitial fibrosis and differences in myocyte structure between GH and control rat hearts.5,20
By contrast, we found marked alterations in the active mechanical properties of skinned fibers from GH rats in this study. The most striking change was a 39% increase in maximal active tension, reminiscent of both the 42% increase in active force we previously observed in intact papillary muscles6 and the results of other mechanical studies performed in vivo and showing that indirect indexes of cardiac contractility are increased during chronic GH hypersecretion. 1, 3, 4 In skinned fibers, the first proposed mechanism for the increase in developed tension is an increase in myofibrillar sensitivity to calcium. We effectively found that the contractile apparatus of GH rats was slightly more sensitive to calcium than that of control rats. It is interesting to note that myofibrillar sensitivity to calcium is also increased in fast-and slow-twitch skeletal muscles growing rapidly under the effect of GH. 21 In the heart, this seems to be independent of the increase in the proportion of ,3-MHC, since no change in myofilament sensitivity to calcium was found in skinned fibers from pressure-overloaded ventricles exhibiting similar or even greater proportions of f3-MHC.922 Therefore, this increase appears to be specific for chronic GH hypersecretion, although it may explain only a small part of the observed increase in active tension. Indeed, taking into account the maximal Ca2+ concentration reached during routine contraction of rat myocardium,23 the increase in Ca21 sensitivity we observed would account for only 13% of the increase in twitch force. Moreover, since the active tension developed by skinned fibers was even greater at maximal calcium concentration (pCa 4.5), it cannot be due solely to the increased sensitivity of the myofilaments to calcium.
We examined crossbridge kinetics in skinned fibers from papillary muscles of GH rats by measuring the rate constant of tension recovery after a quick stretch, a parameter that reflects the rate of myosin crossbridge cycling and, hence, myosin ATPase activity, because these tension responses are not observed in the rigor state in which the binding between actin and myosin filaments is believed to be extremely stable24-26 and because it is dependent on the myosin composition of the muscle.927 The results indicated that the rate constant of tension recovery was lower in GH rats than in control rats. Interestingly, this decrease was associated with an increase in the proportion of ,B-MHC in GH rats. This has also been reported in rats with pressureoverload hypertrophy,9 suggesting that myosin crossbridges in the two models of cardiac growth behave in a similar manner. This is consistent with the results of Rubin et al,5 who found that the ATPase activities of purified myosin were decreased by approximately 18%, in agreement with the increased proportion of the low ATPase V3 myosin isoform. Thus, it appears that in skinned fiber preparations crossbridges in GH rats cycle more slowly than those in control rats. Since in the intact papillary muscle we found that myosin ATPase activities measured on cryostat sections and the maximal velocity of shortening of the unloaded muscle were not changed by chronic GH hypersecretion despite myosin phenoconversion to V3,6 the present results suggest that other regulatory mechanisms operate in the intact muscle. Together with the increase in active tension and given that the ATPase activity of V3 iS approximately 30% that of V1, these unchanged myosin ATPase activities led us to hypothesize that an increased number of crossbridges was involved in overall enzyme activity and in tension development by intact papillary muscles.
The increased maximal active tension and stiffness observed in the present study also supports an increase in the number of active crossbridges. This could result from 1) alterations in the spatial organization of the myofibrils, 2) changes in the functional characteristics of the crossbridges, and 3) recruitment of previously "silent" myosin heads.
If it is assumed that each cycling crossbridge develops the same elementary force, an increase in the number of active crossbridges per unit of cross-sectional muscle area is consistent with an increase in myofilament density, a change in the number of active crossbridges at the same density, or both. Denser packing of myofilaments has previously been hypothesized by Bing and Wiegner28 to explain the increased contractile performance of papillary muscle of young spontaneously hypertensive rats. However, Rubin et al,5 who studied the ultrastructure of cardiac cells from GH rats, observed no increase in either myofibrillar density or the myofibril to mitochondria ratio. Even in the absence of an increase in myofibrillar density, a different organization of myofibrillogenesis during cardiac growth could explain this increase in force; e.g., we cannot rule out that a small decrease in the distance between the myosin heads and thin filaments or changes in the length of the filaments and/or in their degree of overlap occur during myocyte growth, leading to the increase in both maximal force and myofibrillar sensitivity to calcium. [29] [30] [31] The increased active tension and calcium sensitivity could also result from a change in the functional characteristics of the crossbridges. Changes in the phenotype of one or several myofibrillar proteins (reviewed in Reference 18) may regulate the degree of interaction between actin and myosin as well as crossbridge kinetics. As pointed out above, the alterations we observed in GH rats do not depend on the sole myosin phenoconversion to /8-MHC, since they are not observed in skinned fibers from rat hearts with pressure-overload hypertrophy.9 It is possible that an unidentified alteration of the phenotype of the proteins of the thin filament participates in the changes reported here; e.g., an alteration in the troponin T phenotype has recently been proposed as a mechanism in the decrease in myofibrillar ATPase activity in the failing human heart.32 Alternatively, it cannot be excluded that a change in crossbridge kinetics could result in the increase in tension and myofibrillar calcium sensitivity we observed. The quick-stretch method essentially explores the detachment rate constant of crossbridges.24 If this rate is decreased, as suggested by our results, and is not associated with a parallel decrease in the attachment rate, it could result in an increase in the "on time" of crossbridges, i.e., the time during which they are attached and develop force. This would result, in turn, in an apparent increase in the number of attached crossbridges, a possibility supported by our observation that the stiffness developed by skinned fibers of GH rats increased at maximal calcium concentration. 33, 34 Finally, the possible recruitment of silent crossbridges must be discussed. Such a phenomenon would imply that a population of crossbridges that does not contrib-ute to contraction in control hearts at saturating calcium concentrations becomes available for force development in GH rats. Winegrad and Weisberg,35 studying cryostat sections of rat ventricles, observed a cAMPdependent mechanism leading to an increase in myosin ATPase levels at maximal calcium concentration. Recently, Kato et a136 observed that, under the effect of increased preload and in spite of the apparent substitution of enzyme activity of V3 for V1, total myosin ATPase activity remained constant. This suggested that more force generators were functioning at a higher preload. Chronic GH hypersecretion is generally associated with an increase in plasma volume and in preload4; thus, it cannot be excluded that such mechanisms also occur in this model of cardiac growth and remain active in skinned fibers.
One important question relates to the mechanisms through which GH alters MHC expression. Such a question has been addressed in other models of cardiac growth in the rat. It has been demonstrated that, after alterations of thyroid hormone status16 or during pressure overload hypertrophy,37 MHC phenoconversion is regulated at a pretranslational level. Our study of MHC alterations at the protein and at the mRNA levels also indicates that MHC phenoconversion during GH hypersecretion was mainly regulated at a pretranslational level. This could have resulted from an alteration in gene transcription as well as other mechanisms (e.g., changes in mRNA stability). Very recently, Boheler et al,38 using a nuclear run-on assay in isolated nuclei, have reported that in 3-week-old rats cardiac expressions of a-and fl-MHC are regulated through transcriptional mechanisms. Further studies are required to determine whether the changes we report here are also regulated at the transcriptional level and to elucidate the factors involved in this regulation.
In conclusion, chronic GH hypersecretion in the rat results in complex alterations in the excitation-contraction coupling mechanism and tension development in the heart. In contrast to many models of cardiac growth, this model is associated with improved myocardial contractile performance and energetics. Further studies will be needed to determine which of the many possible alterations in myofibrillar protein phenotype and in the mechanisms that regulate their function are responsible for the unique alterations of the performance of the contractile apparatus of the myocardium in rats chronically exposed to GH hypersecretion.
